[1] Estimates of consumptive use of surface water by agriculture are vital for assessing food security, managing water rights, and evaluating anthropogenic impacts on regional hydrology. However, reliable, current, and public data on consumptive use can be difficult to obtain, particularly in international and less developed basins. We combine remotely-sensed precipitation and satellite observations of evapotranspiration and groundwater depletion to estimate surface water consumption by irrigated agriculture in California's Central Valley for the 2004-09 water years. We validated our technique against measured consumption data determined from streamflow observations and water export data in the Central Valley. Mean satellite-derived surface water consumption was 291.0 AE 32.4 mm/year while measured surface water consumption was 308.1 AE 6.5 mm/year. The results show the potential for remotely-sensed hydrologic data to independently observe irrigated agriculture's surface water consumption in contested or unmonitored basins. Improvements in the precision and spatial resolution of satellite precipitation, evapotranspiration and gravimetric groundwater observations are needed to reduce the uncertainty in this method and to allow its use on smaller basins and at shorter time scales. Citation: Anderson, R. G., M.-H.
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Introduction
[2] Globally, irrigation accounts for over 70% of anthropogenic withdrawals of surface and groundwater, 90% of consumptive water use and is responsible for $40% of global food production [Cai and Rosegrant, 2002; Siebert et al., 2010] . Major increases in water stress are expected in the future due to patterns of population and economic growth and required increases in food production [Rijsberman, 2006] . Furthermore, climate change may reduce water availability in regions that are already water stressed and reliant on irrigation [Milly et al., 2005] .
[3] Monitoring consumptive use of surface and groundwater is important for tasks such as assessing food security, enforcing water rights, and improving agricultural water use efficiency [Akbari et al., 2007] . Surface water consumption by irrigated agriculture can have significant impacts on regional climate [Kueppers et al., 2007] , ecosystems [Hollis, 1990] , and human health [Small et al., 2001 ]. However, current monitoring and reporting of consumptive water use often relies on in-situ data, which can be outdated [Siebert et al., 2010] , may not exist [Droogers and Allen, 2002] or which may not be publicly available due to political incentives to obscure the true amount of water use [Gleick, 1993] or a desire to avoid litigation and conflict .
[4] Recent and prospective advances in remote sensing of evapotranspiration (ET) Tang et al., 2009] , precipitation [Neeck et al., 2010] , surface water [Durand et al., 2010] , soil moisture [Das et al., 2011] and groundwater storage changes [Famiglietti et al., 2011] can enable observations of consumptive surface water entirely from remote sensing. In this study, we present a method to estimate consumptive use of surface water at the basin scale using remotely-sensed and interpolated observations. We test our approach against surface water consumption statistics in the Central Valley, California, USA, a major agricultural region that relies heavily on both surface and groundwater for irrigation, and an area where the conflict between different types of water users is perennial.
Method
[5] Our remotely sensed estimate of surface water consumption (Satellite-SW C ) is based on an inversion of the terrestrial water budget. For a control volume that includes the surface and sub-surface in an irrigated agricultural region, the water budget can be written as follows:
where P is precipitation, ET is evapotranspiration, SW IN is surface water flow into (lost into) the region (including stream flow, run-on and recharge from higher elevations, and anthropogenic imports from other basins), SW OUT is surface water flow out of (gained from) the region (including streamflow, base flow, runoff and exports), dS 
Surface water and soil moisture can be measured [Piles et al., 2011] or modeled [Rodell et al., 2004a ] to remove its signal from dS Rodell et al., 2009] . Rearranging equation (1) and substituting in equations (2) and (3), we can now calculate SW C as shown in equation (4):
With equation (4), regional surface water consumption can be inferred solely from remote sensing observations as ET,
. dt , and dSW . dt , can be independently observed, modeled, or estimated at regional scales. We calculate SW C uncertainty by combining the relative and absolute errors in the individual hydrologic components following Rodell et al. [2004b] .
Study Region and Data
[6] We tested the remotely-sensed surface water consumption method in the Central Valley of California ( Figure 1 ). The Central Valley is one of the most economically productive agricultural regions in the world, with over 250 types of crops and $28 billion/year in direct value, and the valley accounts for $15% of irrigated agricultural land in the United States [Faunt, 2009] . The Valley extends over 650 km in length and is composed of three basins, the Sacramento and San Joaquin basins and the normally closed Tulare Lake basin. The Valley's agriculture relies heavily on surface and groundwater irrigation, with increasing reliance on precipitation in the wetter Sacramento basin. Groundwater extraction increases during drought periods to compensate for reductions in available surface water, but publicly available groundwater observations are relatively sparse [Faunt, 2009; Famiglietti et al., 2011] . We conducted the study during from the 2004-05 to 2008-09 water years (October-September), which overlapped both the observations of dS .
dt
and ET and calculated SW C at monthly and annual time scales.
[7] Monthly, 4 km resolution precipitation data come from the Parameter-elevation Regressions on Independent Slopes Model (PRISM), which interpolates gauge data using topographic information and inverse distance weighting [http://prism.oregonstate.edu]. Following Jeton et al. [2005] and Daly [2006] , we set the annual P uncertainty at 10% and monthly P uncertainty at 15%. We used the monthly, mean of two ET products, based on satellite data from the MODerate resolution Imaging Spectroradiometer (MODIS), in our water balance. One is a daily, 0.05 ET energy balance algorithm [Tang et al., 2009] . The other product is the 250 m Surface Energy Balance ALgorithm (SEBAL) run using 250 m and 1 km observations with automatic pixel selection, dynamic wind meteorology and gridded radiation data, and thermal disaggregation [Bastiaanssen et al., 2005; Gao et al., 2011; Hart et al., 2009; Merlin et al., 2010] .
[ [Famiglietti et al., 2011] . Soil moisture changes dSM . dt for the Central Valley were obtained from an ensemble of three models [Ek et al., 2003; Koster and Suarez, 1992; Liang et al., 1994 ] from NASA's Global Land Data Assimilation System [Rodell et al., 2004a] . We assumed that monthly changes in surface water were negligible dSW . Table S1 of the auxiliary material for full site details. (b) The Central Valley in relation to the United States.
[9] We used measured surface water flows in (SW IN ) and out (SW OUT ) of the Central Valley to validate our satellite SW C estimate as defined in equation (2) 
Results

dt
, exhibited expected seasonality changes with seasonal maxima following peak winter precipitation and minima following peak
showed relatively little annual change, with the greatest depletion of moisture occurring with onset of drought in 2006-07. Annual uncertainty for ET was the largest component of uncertainty in the entire hydrologic budget and was 49-76 mm/year.
[11] Annual surface water consumption (SW C ) data are shown in Figure 3 . Over the entire multi-year study period, the mean satellite and measured SW C were close at 291 and 308 mm/year, respectively. However, on an annual basis, there is greater discrepancy between satellite and measured SW C . Measured SW C ranges from 374 mm/year in 2004-05 [12] In addition to our water budget for the entire Central Valley, we calculated separate water budgets for the Sacramento and San Joaquin/Tulare Lake portions of the Valley (Figure 1 and Table 1 ). Annual P and ET were consistently larger in the Sacramento Valley, but uncertainty in ET was greater in the San Joaquin Valley. SW C exhibited far greater variability in the Sacramento Valley than the San Joaquin Valley. Unlike the San Joaquin/Tulare Lake Valley, SW C increased in the Sacramento Valley during the 2007-09 drought, probably due to less effective precipitation and the ability to draw on senior water rights to use surface water. Annual water year precipitation and measured SW C are negatively correlated in the Sacramento Valley (r = À0.87) and positively correlated in the San Joaquin Valley (r = 0.95).
Discussion
[13] Our satellite-based method to estimate SW C in agricultural regions shows good multi-annual agreement with measured SW C . On an annual basis, however, there is some inter-annual variation between measured and satellite SW C . One explanation for this discrepancy is lags in the Central Valley's hydrology that propagate from one water year (WY) to another. For example, the 2004-06 was quite wet and the end of the pluvial period (2005-06) saw the highest and lowest measured SW C in the San Joaquin and Sacramento Valleys, respectively (Table 1 and Figure 2 ). Since these WYs were wet, farmers in some regions (particularly the San Joaquin Valley) had ample local supplies, more effective precipitation, and full deliveries from large scale projects to use first, thus reducing or eliminating the need to draw on ground water while farmers in the Sacramento Valley had excess water that drained out through the Delta to San Francisco Bay. The availability of surface water and manifests itself in a large (up to 40 mm/month) increase in dGW . dt in the last part of the 2005-06 WY (Figure 1 ). Following the failure of winter rains, farmers begin drawing on groundwater in the 2006-07 WY when drought persists. These dynamics indicate substantial intra-basin lags that need to be considered when evaluating satellite-based SW C at annual or monthly timescales. The SW C method vividly illustrates the importance of GRACE in estimating regional hydrologic fluxes. If we had estimated surface water consumption solely as the difference of ET, P and modeled dSM . dt , our mean estimate of surface water consumption for 2004-09 would be 360 mm/year for the Central Valley, a substantially greater deviation from the measured SW C (308 mm/year) than our approach which integrates GRACE (291 mm/year).
[14] Improved precision and resolution of satellite inputs are needed to estimate SW C over smaller regions and at monthly time scales. Satellite ET products have advanced considerably with multiple algorithms and satellite platforms available . Irrigated agriculture is one of the most studied applications for satellite ET and is one of the best land cover types for accurate estimation, as irrigated regions tend to have strong gradients in vegetation cover and surface temperature within a region. Nevertheless, individual products and algorithms, including those used in this study, show divergence; annual uncertainty of $15% or more can occur.
[15] Satellite based precipitation products have historically had large uncertainty, particularly for drier, continental regions as well as medium and high latitude regions not covered by the Tropical Rainfall Measurement Mission (TRMM); over the Sacramento-San Joaquin Basin, standard deviations of TRMM products range from 50-80% of the mean of the products during the rainy December-February period [Tian and Peters-Lidard, 2010] . At present, satellite derived precipitation is not precise enough to quantify SW C in the Central Valley. The planned Global Precipitation Mission promises greater spatial coverage and higher sensitivity to light precipitation events than TRMM and could have the precision necessary to quantify SW C in (semi) arid regions [Neeck et al., 2010] .
[16] Perhaps the greatest potential for improvement lies in satellite gravimetry. Currently GRACE can only estimate terrestrial water storage anomalies dS . dt at 1.5 Â 10 5 km 2 or larger scales [Rodell and Famiglietti, 1999] [Wiese et al., 2009] .
[17] The framework here is designed to be sufficiently flexible depending upon the availability and quality of satellite dS .
dt
, dSM
. dt , and dSW . dt observations as well as the relative importance of each of these terms for the study region. While this framework would most frequently be applied to semi-arid regions, this method can also be used to assess changes in surface water resources in more humid regions where SW C would often be negative as defined in equations (1), (2), and (4). The change in surface water consumption (or production) over time dSW C . dt can serve as a meaningful indicator of anthropogenic or natural impacts on regional hydrology.
[18] Integrating remote sensing data is needed to observe surface water consumption for agricultural, ecological, and hydrologic purposes. For basins in developing countries and international basins, remotely-sensed observations provide independent measures where publicly-available in-situ data are often non-existent. Even developed countries often have only direct measurements of applied surface water; runoff, and percolation are poorly measured. Furthermore, the quality of in-situ observations is likely to decrease as the resources needed to maintain monitoring networks continues to decrease in many countries. As satellite-based hydrologic data continues to mature and improve in temporal and spatial resolution, flexible frameworks such as the one presented here to estimate surface water consumption are essential for quantifying the impact of irrigated agriculture on food production, water resources, and ecosystems.
